Rats fed a high-fructose diet represent an animal model for insulin resistance and hypertension. We recently showed that a high-fructose diet containing vegetable oil but a normal sodium/potassium ratio induced mild insulin resistance with decreased insulin receptor substrate-1 tyrosine phosphorylation in the liver and muscle of normal rats. In the present study, we examined the mean blood pressure, serum lipid levels and insulin sensitivity by estimating in vivo insulin activity using the 15-min intravenous insulin tolerance test (ITT, 0.5 ml of 6 µg insulin, iv) followed by calculation of the rate constant for plasma glucose disappearance (K itt ) in male Wistar-Hannover rats (110-130 g) randomly divided into four diet groups: control,
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Introduction
There is considerable evidence suggesting that changes in glucose and insulin metabolism may play a role in the etiopathogenesis of high arterial blood pressure (1) (2) (3) . Insulin resistance, hyperinsulinemia, hypertriglyceridemia and high blood pressure can be induced in fructose-fed rats (4-6). However, the precise mechanism by which hypertension develops in these animals has not been identified (2, 3, 7) . We recently showed that a high-fructose diet alters the early steps of insulin action (7) , and may therefore play a role in the insulin resistance observed in animals fed this diet.
High-fructose diets are heterogeneous in composition since they include a certain amount of animal lard and since variable amounts of sodium and potassium are present in experimental and control diets (4, 8, 9) . Epidemiological evidence suggests that low potassium intake is associated with the probability of the occurrence of hypertension and stroke. Sodium/potassium ratio (R Na:K ) interaction must be concomitantly considered in the investigation of the association of either of these cations with hypertension and cardiovascular disease (10) . In the present study, we examined the influence of a change in the sodium/potassium ratio of the highfructose diet on insulin sensitivity, mean arterial pressure and serum triacylglycerol and cholesterol levels in Wistar rats.
Material and Methods

Experimental design
Five-week-old male Wistar-Hannover rats (110-130 g) bred at the animal facilities of the State University of Campinas were randomly divided into four diet groups: control, 1:3 sodium/potassium ratio diet (C 1:3 R Na:K ); control, 1:1 sodium/potassium ratio diet (CNa 1:1 R Na:K ); high-fructose, 1:3 sodium/potassium ratio diet (F 1:3 R Na:K ), and high-fructose, 1:1 sodium/potassium ratio diet (FNa 1:1 R Na:K ) for the next 28 days. The general guidelines established by the Declaration of Helsinki (1964) for laboratory animals were followed throughout the study. The C 1:3 R Na:K diet was standard rodent chow (Nuvilab-Nuvital, Curitiba, PR, Brazil) containing vegetable starch (527 g/kg diet), fat as vegetable oil (35 g/kg diet), animal protein (220 g/kg diet), and 1:3.3 R Na:K (3 g Na + / kg diet and 10 g K + /kg diet). The CNa 1:1 R Na:K diet was the same as the standard rodent chow except that it contained the 1:1 R Na:K (10 g Na + /kg diet and 10 g K + /kg diet) by the addition of sodium salt. The F 1:3 R Na:K diet contained fructose (624 g/kg diet), fat as vegetable oil (50 g/kg diet), protein (223 g/kg diet), and 1:3.6 sodium/potassium ratio. The FNa 1:1 R Na:K diet was the same as the high-fructose diet except that it contained the 1:1 sodium/potassium ratio by the addition of sodium salt. The fiber, mineral and vitamin mix used in the experimental diets met the recommendation specified in AIN-93 (11). The rats had free access to food and tap water, were maintained under standard conditions (20-22 o C and a 12-h light/ dark cycle) and were weighed weekly.
Fifteen-minute insulin tolerance test
After 28 days of treatment, the rats were fasted overnight and submitted to an intravenous insulin tolerance test (ITT; 0.5 ml of 6 µg insulin, iv) and samples for blood glucose determination were collected at 0 (basal), 4, 8, 12 , and 16 min after injection. Rats were anesthetized with thiopental (60 mg/kg body weight, ip), 40 µl of blood was collected from their tail, and blood glucose level was measured by the glucose oxidase method. Thereafter, the rate constant for plasma glucose disappearance (K itt ) was calculated using the formula 0.693/t 1/2 . The plasma glucose t 1/2 was calculated from the slope of the least squares analysis of the plasma glucose concentrations during the linear phase of decline (12) .
Biochemical measurements
During the postabsorptive states, the rats were anesthetized with thiopental (60 mg/kg body weight, ip) after a 5-h fast, and blood samples were drawn by cardiac puncture. After centrifugation, the sera were aliquoted and frozen until assayed for triacylglycerol and cholesterol concentrations by an enzymatic method using a commercial kit (Labtest, Campinas, SP, Brazil), and for insulin concentrations by a double-antibody radioim-munoassay (Diagnostic Products Corp., Los Angeles, CA, USA). Samples collected in the basal state prior to the ITT were used to determine plasma glucose concentration by an enzymatic method (Labtest).
Blood pressure measurement
Twenty-six days after starting the standard and special diets, a tail-cuff system (MKIV, Narco BioSystems, Austin, TX, USA) combining a transducer/amplifier which provides output signals proportional to cuff pressure and amplified Korotkoff sounds was used to obtain blood pressure measurements in conscious rats. This indirect approach permits repeated measurements with a close correlation (correlation coefficient = 0.975) compared to direct intra-arterial recording (13) .
Statistical analysis
The results are reported as means ± SEM. Statistical analysis of the data was performed using a two-factor analysis of variance (ANOVA) with repeated measures followed by the Newman-Keuls post hoc test. A P value <0.05 was considered to indicate significance.
Results
Despite the similarity in body weight gain, serum triacylglycerol and total cholesterol levels were different among groups. Triacylglycerol levels were higher in both groups treated with the high-fructose (F 1:3 R Na:K and FNa 1:1 R Na:K ) diets when compared to the control (C 1:3 R Na:K and CNa 1:1 R Na:K diets, respectively) (C 1:3 R Na:K : 1.2 ± 0.1 mmol/l vs F 1:3 R Na:K : 2.3 ± 0.4 mmol/l and CNa 1:1 R Na:K : 1.2 ± 0.2 mmol/l vs FNa 1:1 R Na:K : 2.6 ± 0.4 mmol/l, P<0.05). The change in the sodium/potassium ratio (1:1 R Na:K ) in the high-fructose diet induced a significant increase in plasma cholesterol levels from 1.9 ± 0.1 to 2.2 ± 0.1 mmol/l compared to the standard sodium/potassium ratio (1:3 R Na:K ) high-fructose diet (Table 1) .
To evaluate the effect of a high-fructose diet on insulin sensitivity, rats from the four groups underwent a 15-min ITT. The glucose disappearance rate (K itt ) was significantly lower in fructose-fed and 1:1 sodium/ potassium ratio fructose-fed rats compared to control rats (C 1:3 R Na:K : 4.3 ± 0.3 vs F 1:3 R Na:K : 2.9 ± 0.2%/min, and C 1:3 R Na:K : 4.3 ± 0.3 vs FNa 1:1 R Na:K : 3.0 ± 0.2%/min, P<0.05) ( Table 1 ). There was no significant difference in serum insulin between the highfructose and control groups.
The blood pressures of the four groups of rats are shown in Table 1 . An increase in blood pressure occurred only in the changed sodium/potassium ratio diet groups (C 1:3 R Na:K : 117 ± 3 mmHg vs CNa 1:1 R Na:K : 141 ± 4 mmHg, and F 1:3 R Na:K : 118 ± 3 mmHg vs FNa 1:1 R Na:K : 132 ± 4 mmHg, P<0.05). Table 1 . Body weight, blood pressure, and serum glucose, insulin, triacylglycerol and cholesterol levels in rats randomly divided into four diet groups: control, 1:3 sodium/ potassium ratio diet (C 1:3 R Na:K ); control, 1:1 sodium/potassium ratio diet (CNa 1:1 R Na:K ); high-fructose, 1:3 sodium/potassium ratio diet (F 1:3 R Na:K ), and high-fructose, 1:1 sodium/potassium ratio diet (FNa 1:1 R Na:K ) for the next 28 days. C 1:3 R Na:K CNa 1:1 R Na:K F 1:3 R Na:K There was no significant difference in blood pressure levels between the high-fructose and control groups, indicating that the ingestion of fructose alone was not sufficient to cause an increase in arterial blood pressure in this model.
Discussion
Hypertriglyceridemia, hyperinsulinemia and hypertension are common features of animal models of insulin resistance induced by a high-fructose diet (4) (5) (6) 8, 9, 14) . As shown above, fructose-induced hypertension in rats was related to the changes in the sodium/ potassium ratio used in the high-fructose diet, whereas hypertriglyceridemia was present regardless of the blood pressure level (4, 6, 8, 9) . Hypertriglyceridemia may be secondary to increases in the very low-density lipoprotein-triglyceride (VLDL-TG) secretion rate since elevations in plasma triacylglycerol levels have been correlated with rises in this rate (8, 14, 15) . Previous studies have shown that the VLDL-TG secretion rate in the liver of rats fed a high-sucrose lard or high-fructose lard diet was higher than that of controls (8, 14, 15) . Insulin resistance may contribute to hypertriglyceridemia by reducing the inhibitory effect of insulin on VLDL-TG secretion (15, 16) . Recent studies have shown that the insulin resistance induced by a high-fructose diet was overcome completely by treatment with the hypolipidemic agents benfluorex and bezafibrate which restored normal triacylglycerol concentrations (16, 17) .
Although the effects of a high-fructose diet on plasma triacylglycerol levels are often substantial, the response of plasma cholesterol to a fructose-containing diet is not clear. An increase in VLDL synthesis, which contains 10-20% cholesterol and transports triacylglycerol produced in the liver, may account for the increase in plasma cholesterol levels after the consumption of a fructose-containing diet (18) (19) (20) . Reiser (21) reported that in two out of 14 animal studies there was an increase in plasma cholesterol levels after feeding fructose diets. In the present study, the high-fructose group had plasma cholesterol levels similar to the control group. However, when the sodium/potassium ratio was changed in the highfructose diet, the plasma cholesterol concentration rose significantly. Although several reports suggest that intestinal fructose transport occurs by a carrier-mediated mechanism and is Na + -independent (18), other studies indicate that in the small intestine fructose accumulates against a concentration gradient by an energy-and Na + -dependent process (19, 20) . The changes in the sodium/ potassium ratio increased the sodium content of the high-fructose diet, a fact that may favor the increased fructose absorption in the small intestine, thus supplying more fructose to the liver.
Although there was no change in serum insulin level, the high-fructose-fed rats showed a reduced glucose disappearance rate in the 15-min ITT, confirming the lower insulin sensitivity of these rats. The insulin resistance in this animal model probably results from the impairment of insulin-stimulated glucose uptake in insulin-responsive tissues as well as changes in hepatic glucose metabolism. Using the hyperinsulinemic euglycemic clamp, fructose-fed rats were shown to have an impaired ability to suppress hepatic glucose production and to eliminate peripheral glucose (22) . An increase in the gluconeogenic enzymes glucose-6-phosphatase and phosphoenolpyruvate carboxykinase has been reported for the liver of fructose-fed rats (22) (23) (24) (25) (26) (27) . Furthermore, a high-fructose diet was reported to reduce hepatic glycogen synthesis (24, 27) . Insulin may regulate the activities of these enzymes through proteins activated downstream to the insulin receptor (24) (25) (26) . We recently showed that fructose-induced insulin resistance was associated with a slight decrease in insulin receptor substrate-1 phosphoryla-tion and insulin receptor substrate-1/phosphoinositol 3-kinase association in the liver and muscle of intact rats (7) . These observations support the hypothesis that fructose produces changes in steps beyond the receptor and may be involved in the insulin resistance observed in this animal model.
However, although the high-fructose diet in the present study induced insulin resistance, there were no changes in serum insulin concentrations. This observation has important implications for our understanding of the association between insulin resistance and hypertension, and suggests the following hypothetical model to link the two phenomena. The balance between pressor and depressor forces sets the vascular tone. Since insulin acts as a vasodepressor, its inability to decrease blood pressure and vascular resistance in insulin-resistant models would effectively tip the balance in favor of pressor forces. Thus, in this situation, insulin resistance rather than hyperinsulinemia acts as a risk factor for the development of hypertension. However, it is important to emphasize that the fat source normally used in most previous studies was lard, whereas in the present study we used as fat source vegetable oil similar to control diet. It is possible that the effects of lard and fructose are synergistic in altering the insulin levels of rats fed a high-fructose diet.
The precise mechanism by which hypertension develops in fructose-fed rats has not yet been elucidated, although an increase in sympathetic activity could be involved (4). Furthermore, circulating catecholamines are elevated in sucrose-fed rats on a high-salt diet, and it has been proposed that these mediators may contribute to hypertension through their vasoconstrictive and/or antinatriuretic properties (28) (29) (30) . However, catecholamines are probably not the only vasoconstrictive factors involved in the development of hypertension in fructose-fed rats. The role of the renin-angiotensin system in the pathogenesis of fructose-induced hypertension is not well known. Previous studies have shown a normal plasma renin activity in this experimental model (9) . On the other hand, the AT 1 receptor antagonist losartan and an angiotensin-converting enzyme inhibitor attenuated the magnitude of the blood pressure elevation and improved insulin sensitivity in fructose-fed rats (28) (29) (30) . Although several reports indicate fructose as a factor involved in hypertension (4, 5, 9) , several investigators have failed to observe an increase in blood pressure in fructose-fed rats (31, 32) . These apparently conflicting data have been attributed to differences in the composition of the diets and to variable blood pressure responses to fructose among different ages and strains of normotensive rats (31, 32) . We observed no significant difference in blood pressure between the highfructose and control groups. In addition, changing the sodium/potassium ratio of the control and high-fructose diets significantly increased the blood pressure in both groups. Using high fructose and high-fructose lard diets, Matsui et al. (17) observed that the systolic blood pressure was significantly higher in the high-fructose lard group than in the high-fructose and control groups.
Our results confirm previous observations that hypertriglyceridemia develops when rats consume a high-fructose diet. However, a high-fructose diet alone does not induce hyperinsulinemia and hypertension when the sodium/potassium ratio is normal. Thus, the presence of saturated fat and above normal sodium levels in the diet can affect the insulin concentrations and blood pressure levels in this animal model.
